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Short ArticleVisualization of trans-Homolog
Enhancer-Promoter Interactions at the
Abd-B Hox Locus in the Drosophila Embryo
was optimized for the localization of nascent transcripts
within nuclei (Kosman et al., 2004). This method is con-
siderably more sensitive than DNA FISH since tran-
scribed sequences generally producemultiple copies of
staggered nascent transcripts, thereby providing local
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There is extensive evidence that the nascent transcripts
produced from coding sequences are tightly associated
with the template DNA at the site of synthesis. For exam-Summary
ple, nascent transcripts produced from three closely
linked genes within the Antennapedia gene complex,The Hox gene Abdominal-B (Abd-B) controls the mor-
Deformed, Sex combs reduced, and fushi tarazu, arephogenesis of posterior abdominal segments in Dro-
detected as distinct sequential signals along the chro-sophila. Expression is regulated by a series of 3 en-
mosome (Kosman et al., 2004). These, and other, na-hancers that are themselves transcribed. RNA FISH
scent transcripts have been repeatedly shown to coin-was used to visualize nascent transcripts associated
cide with the position of the corresponding genomicwith coding and noncoding regions of Abd-B in devel-
DNA sequence (Shermoen and O’Farrell, 1991; Wilkie etoping embryos. Confocal imaging suggests that distal
al., 1999; Kosman et al., 2004; Shav-Tal et al., 2004).enhancers often loop to the Abd-B promoter region.
A variety of RNA probes can be used to visualizeSurprisingly, enhancers located on one chromosome
the promoter region of the Abd-B gene. However, thefrequently associate with the Abd-B transcription unit
detection of distal enhancers using RNA FISH methodslocated on the other homolog. These trans-homolog
requires that they are themselves transcribed. The IAB5interactions can be interpreted as the direct visualiza-
enhancerwaschosen for this reason. In fact, the system-tion of a genetic phenomenon known as transvection,
atic analysis of the Drosophila Antennapedia (ANT-C)whereby certain mutations in Abd-B can be rescued
and Bithorax (BX-C) complexes demonstrated that thein trans by the other copy of the gene. A 10 kb se-
majority of the intergenic regions are transcribed (e.g.,quence in the 3 flanking region mediates tight pairing
Lipshitz et al., 1987; Cumberledge et al., 1990; Bae etof Abd-B alleles, thereby facilitating trans looping of
al., 2002; Calhoun and Levine, 2003). Recent whole-distal enhancers. Such trans-homolog interactions
genome assays suggest that intergenic transcription ismight be a common mechanism of gene regulation in
widespread in the human genome, raising the possibilityhigher metazoans.
that many, perhaps most, enhancers are transcribed
(e.g., Cawley et al., 2004).Introduction
Evidence is presented that nascent transcripts syn-
thesized at enhancers such as IAB5possessmany of theEnhancers direct cell type-specific patterns of gene
properties as those associated with coding sequences.expression during development. They sometimes map
Most importantly, they accumulate at their site of syn-far—100 kb or more—from the target promoters they
thesis on the template DNA and accurately identify theregulate (e.g., Rollins et al., 2004). Long-range enhancer-
positions of the distal enhancerswithin theAbd-B locus.promoter interactions have been extensively analyzed
Confocal imaging of the nascent transcripts producedat the mammalian -globin locus (e.g., Wijgerde et al.,
from the IAB5 enhancer and Abd-B promoter suggests
1995). These studies suggest that communication oc-
frequent enhancer-promoter interactions that might
curs through the direct interaction of remote enhancers
arise from the looping of the intervening chromosomal
with the target gene by the “looping out” of intervening DNA. More interestingly, these images also suggest that
chromosomal DNA (reviewed by Grosveld et al., 1998; an IAB5 enhancer located on one chromosome often
Bulger and Groudine, 1999), although the distal en- interacts with the Abd-B promoter region on the other
hancers contained within the globin LCR (locus control homolog.
region) were not directly visualized (e.g., Carter et al., It is likely that these chromosomal interactions repre-
2002). sent a direct visualization of a classical genetic phenom-
Here we examine long-range enhancer-promoter inter- enon called transvection (seeLewis, 1998), whereby cer-
actions in Drosophila embryos. The Hox gene Abdomi- tain mutations can be complemented in trans by the
nal-B (Abd-B) was selected for study since it contains other copy of the gene (reviewed by Henikoff, 1997;
a number of well-defined enhancers, including IAB5, Duncan, 2002). Supporting evidence for the visualization
which maps nearly 50 kb downstream of the transcrip- of transvection was obtained by analyzing an Abd-B
tion start site (Busturia and Bienz, 1993). We sought mutation that lacks 3 regulatory sequences and can
direct visualization of IAB5-Abd-B interactions using be complemented by regulatory sequences located on
short (2 kb) RNAFISH (fluorescent in situ hybridization) another chromosome (Hopmann et al., 1995; Hendrick-
probes directed against the IAB5 enhancer sequence son and Sakonju, 1995). Genetic studies have shown
and the Abd-B promoter region. The particular method that Abd-B transvection depends on a 10 kb region
of the 3 flanking sequence called the TMR (transvection
mediating region) (Hopmann et al., 1995). The analysis of*Correspondence: mronshau@uclink.berkeley.edu
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engineered P element transformation vectors indicates
that the TMR is sufficient for the tight pairing of lacZ
alleles in interphase nuclei. We discuss specific models
for how the TMR mediates pairing and transvection at
the Abd-B locus and suggest that trans-homolog inter-
actions may be a common feature of gene regulation in
higher metazoans.
Results
Diverse RNA FISH Probes Detect Localized
Nascent Transcripts
A major requirement of this study is the visualization of
noncoding RNAs in the regulatory region of the Abd-B
locus. To ensure that these RNAs reflect the location of
the corresponding genomic DNA templates used for
their synthesis, we examined a variety of nascent tran-
scripts in Drosophila embryos (Figure 1). Ten different
loci were assayedwith a variety of RNAFISH probes. Eight
of the ten probes detect protein-coding sequences, while
the other two identify noncoding micro-RNAs (miRNAs)
and an enhancer. Single-stranded antisense RNA probes
were visualized with fluorescent antibodies and confo-
cal microscopy (Kosman et al., 2004; see Experimen-
tal Procedures).
Exonic probes detect localized dots of nascent tran-
scripts within individual nuclei, aswell as punctate spots
ofmRNA accumulation in the cytoplasm (Figures 1A, 1C,
and 1F), whereas intronic probes detect only nascent
transcripts in nuclei (e.g., Figures 1D, 1E, and 1G). Simi-
lar results were obtained with an RNA FISH probe di-
rected against a cluster of putative miRNAs (Figure 1B)
and with RNA probes directed against nascent tran-
scripts synthesized from the regulatory regions of the
Abd-B locus (Figure 1H). Most nuclei display only two
strong nuclear dots for each probe, suggesting that pro-
cessed RNAs are not easily detected after their release
from the DNA template. The absence of secondary sites
of staining within nuclei is entirely consistent with the
recent demonstration that processed RNPs rapidly and
randomly diffuse through the nucleus during export to
the cytoplasm (Shav-Tal et al., 2004).
(A) ftz exonic probe. There are two identifiable ftz alleles within each
nucleus. Staining of mRNAs is also detected in the cytoplasm.
(B) RNA FISH probe that detects a cluster of eight putative miRNAs
in the 56E3 region of chromosome 2. Some of the nuclei are identi-
fied with the white circles.
(C) snail exonic probe. Each nucleus contains two dots of nascent
transcripts and punctate staining of mRNAs in the cytoplasm.
(D) vnd intronic probe. Only nuclear dots are observed; there is no
significant staining in the cytoplasm.
(E) Ubx intronic probe. There is tight pairing of the nuclear dots.
(F) Abd-B exonic probe. There is tight pairing of nuclear dots and
staining of mRNAs in the cytoplasm.
(G) Abd-B intronic probe. Only nuclear dots of nascent transcripts
are detected.
(H) RNA FISH probe directed against nascent transcripts synthe-
sized through the IAB5 enhancer. Each nucleus displays two tight
nuclear dots, similar to those seen with exonic and intronic probes.
Figure 1. Nascent Transcripts Remain Affixed to Their Sites of Syn- (I) Measurements were determined for 30 nuclei per probe. The
thesis vertical bars represent a 95% confidence interval for the distances
Wild-type embryos were hybridized with different RNA FISH probes separating the alleles. The snail and sog alleles map an average of
and visualized with fluorescent antibodies and confocal microscopy 2.2 m, whereas the Ubx and Abd-B alleles are separated by just
(see Experimental Procedures for details). 0.8 m.
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Further evidence that nascent transcripts accurately are displaced away from the promoter. It is possible
that the distal IAB5 enhancer and Abd-B promoter arereflect their sites of synthesis stems from measuring
the distances separating nuclear dots (see Wilkie et al., brought together by looping of the intervening chromo-
somal DNA (see Supplemental Results at http://www.1999). The average distance between paired homologs
using DNA FISH is2 m,with some variability at differ- developmentalcell.com/cgi/content/full/7/6/925/DC1/
for additional examples of putative loops). In contrast,ent positions along the chromosome (Henikoff, 1997;
Fung et al., 1998). The pairing distances based on mea- the homolog on the right exhibits sequential nascent
transcripts for the Abd-B promoter (red), proximal IAB8suring nuclear dots range from 0.8 to 2.5 m, with the
majority of loci showing a separation of 1.5–2m (Figure enhancer (blue), and distal IAB5 enhancer (green).
Another high magnification image was prepared from1I). Different RNA FISH probes that detect the promoter,
enhancer, or coding region of Abd-B provide the same a nucleus within the A8 region of an elongated embryo
(Figure 2E). In this nucleus, the two copies of the Abd-Bdistance of homolog pairing,0.8 m (Figure 1I). These
results suggest that nascent transcripts produced from promoter are tightly paired. One of the homologs (top)
contains an extended organization of the Abd-B locus,Abd-B regulatory regions remain affixed to their site of
synthesis, just like those derived from coding regions. while the other homolog contains a compacted organi-
zation so that the promoter (red) and two enhancers
(blue and green) are tightly compressed. Interestingly,
the tight linkage of the two alleles brings the nascentVisualization of Enhancer-Promoter Interactions
at the Abd-B Locus transcripts associated with the IAB5 enhancer (green)
on the compressedhomolog into contactwith theAbd-BThe Abd-B 3 regulatory region contains at least nine
different enhancers, silencers, and insulator DNAs that promoter region of the extended homolog (more details
are provided in Supplemental Figure S1). It is conceiv-are subdivided into four separate iab domains (summa-
rized in Figure 2B; see Zhou et al., 1999; Barges et able that this image represents transvection.
al., 2000). All of these regulatory DNAs are themselves
transcribed in the Drosophila embryo. Most of this in- Visualization of trans-Homolog Interactions
tergenic transcription derives from the sameDNA strand at the Abd-B Locus
that generates the Abd-BmRNAs (e.g., Bae et al., 2002). The S10 mutation has been used for genetic tests of
Two well-defined enhancers were examined, IAB8 and transvection (Hopmann et al., 1995; Hendrickson and
IAB5, which map 12 kb and 44 kb downstream of the Sakonju, 1995). It is a large deletion in the BX-C that
most proximal Abd-B promoter. Each enhancer is removes almost the entire 3 regulatory region of the
roughly 1 kb in length and is sufficient to activate the Abd-B gene. As a result, S10/S10 homozygotes lack
expression of a lacZ reporter gene within posterior ab- Abd-B expression in the A5–A8 segments. Weak, spo-
dominal segments (Busturia and Bienz, 1993; Zhou et radic expression of Abd-B is sometimes seen in the
al., 1999). Nascent transcripts associated with the two rudimentary A9 segment, but not in the more anterior
enhancers were visualized with RNA FISH probes (see segments (data not shown). Abd-B gene activity can
Experimental Procedures). Each probe is about 2 kb in be restored from the S10 chromosome in A5–A8 via
length and encompasses the minimal IAB5 (green) and transvection with a variety of Abd-B alleles (Hopmann
IAB8 (blue) enhancers. In addition, a third probe (red) et al., 1995; Hendrickson and Sakonju, 1995). Here we
detects nascent transcripts located immediately 5 of examine interactions between S10 and a duplication of
the proximal Abd-B promoter (BPP). the BX-C on the P5 chromosome (described in Figure 3).
The photomicrograph shown in Figure 2A displays the P5 can be unambiguously identified by in situ hybrid-
posterior germ band of an elongated embryo that was ization since it contains two tandem copies of the IAB5
hybridized with all three RNA FISH probes: IAB5, IAB8, enhancer and Abd-B promoter region (see diagram, Fig-
and BPP. The image includes the posterior midgut inva- ure 3A). P5 homozygotes were hybridized with a mixture
gination (PMG) and the primordia of the seventh and of the BPP (red) and IAB5 (green) RNA FISH probes
eighth abdominal segments (A7 and A8). The BPP (Figure 3A). Many nuclei show two sets of nascent tran-
probe—directed against the Abd-B promoter region— scripts, which probably arise from the two copies of the
detects restricted expression within A8. The IAB5 and Abd-B locus contained on each homolog. These nuclei
IAB8 probes detect broader patterns, extending into derive from the A8 region of the embryo, where there is
more anterior abdominal segments. Nuclei from A7 ex- no expression in S10/S10 homozygotes.
press only IAB5 and IAB8 nascent transcripts (green S10/P5 heterozygotes were also hybridized with a
and blue), while more posterior nuclei in A8 also express mixture of the IAB5 and BPP probes (Figure 3B). Individ-
BPP transcripts (see blow-up in lower right panel in ual nuclei from the A8 region of the germ band were
Figure 2A). visualized. Some of the nuclei display separate signals
A higher magnification image containing 40 nuclei from the P5 and S10 chromosomes (Figure 3B, right).
from the A8 region of an elongated embryo is shown in The P5 chromosome contains the two sets of red (BPP)
Figure 2C. The relationship between each of the three and green (IAB5) signals. In contrast, the S10 chromo-
Abd-B probes used for hybridization (Figure 2B) and some lacks IAB5 nascent transcripts (no green signal)
the corresponding nascent transcript is indicated in the and contains a single red signal corresponding to na-
nucleus with the asterisk. A high magnification view of scent transcripts near the Abd-B promoter. Other nuclei
this nucleus is presented in Figure 2D. The chromosome from the A8 region of S10/P5 heterozygotes display
on the left contains closely juxtaposed BPP (red) and closely associated P5 and S10 homologs (Figure 3B,
left). In this case, there are three closely linked, butIAB5 (green) signals, while the IAB8 transcripts (blue)
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Figure 2. Colocalization of Nascent Tran-
scripts from Noncoding Regions of the
Abd-B Locus
(A) The posterior germ band of an elongated
embryo that was hybridized with RNA FISH
probes for IAB5 (green), IAB8 (blue), and BPP
(the Abd-B promoter region, red). The rectan-
gle indicates the region shown at higher mag-
nification to the right.
(B) Schematic representation of the Abd-B
locus. The 3 regulatory region is subdivided
into four distinct iab (infra-abdominal) regula-
tory domains. iab-5, iab-7, and iab-8 contain
Polycomb response elements, PREs, and
there are insulator DNAs (dark ovals) at the
junctionsbetween the iab-7and iab-8domains,
as well as between the iab-4 (not shown) and
iab-5 domains. The TMR (transvection medi-
ating region) is shaded gray. RNA hybridiza-
tion probes were prepared from the regions
indicated below the line with colored blocks:
red, Abd-B proximal promoter (BPP); blue,
IAB8 enhancer; green, IAB5 enhancer.
(C) A8 region of an elongated embryo hybrid-
ized with all three probes indicated in (B). The
nucleus indicated by the asterisk shows the
relationship between the nascent transcripts
localized on one of the homologs and the
DNA sequences used to prepare the RNA
FISH probes.
(D) High magnification view of the nucleus
indicated by the asterisk in (C). The signals
seen on the chromosome to the left display
a nonlinear organization. Thepromoter region
(red) is in close proximity to the distal IAB5
enhancer (green), with the more proximal
IAB8 enhancer (blue) displaced away from the
promoter. The chromosome on the right dis-
plays the expected linear sequence of sig-
nals: promoter (BPP, red), proximal IAB8 en-
hancer (blue), and distal IAB5 enhancer
(green). The nascent transcripts associated
with IAB8 show a “dumbbell” structure, sug-
gesting that the enhancer is forming a ring
near the promoter.
(E) High magnification view of a different nu-
cleus. The chromosome on top shows an ex-
tended organization of the Abd-B locus,
whereas the other homolog (below) is con-
densed.
distinct, red signals (Abd-B promoter region) and two scored derive from the A8 region of the germband (white
rectangle, Figure 3C). Three conformations of nuclearassociated green signals (IAB5 nascent transcripts).
Thus, it appears that the Abd-B promoter region on the dots were observed (Figure 3C, lower panels). Half of
all nuclei possess a “21” arrangement of hybridizationS10 chromosome is in close contact with one of the
IAB5enhancers onP5. This nucleus probably represents dots, suggesting that the P5 (2 dots) and S10 (1 dot)
chromosomes are not associated (left lower panel, Fig-a direct visualization of transvection (see Discussion).
In order to estimate the frequency of trans-homolog ure 3C). Approximately one-fourth of the nuclei display
three closely linked dots (separated by 0.5 m), sug-interactions between the P5 and S10 chromosomes,
heterozygous, elongated embryos were hybridized with gesting intimate association of the two homologs (mid-
dle). Finally, one-fourth of the nuclei exhibit just twothe BPP probe (Figure 3C). All of the nuclei that were
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tightly paired dots, which are most conservatively inter-
preted as expression from the tandem Abd-B promoter
sequences on the P5 chromosome and no expression
from S10 (right). These observations suggest that trans-
homolog regulatory interactions between P5 and S10
are frequent and raise the possibility that transvection
is a common feature of gene regulation in theDrosophila
embryo (see Discussion).
The TMR Mediates Pairing
A 10 kb region of the 3 flanking sequence, the TMR, is
required for the complementation of the S10 chromo-
some by various Abd-B mutant alleles (Hopmann et al.,
1995). TMR activity was assayed in a P element expres-
sion vector that contains the rhomboid neuroectoderm
enhancer (NEE) and hairy stripe 1 enhancer (H1) attached
to a lacZ reporter gene (summarized in Figure 4A; Zhou
et al., 1999). The H1 enhancer directs a stripe of expres-
sion in anterior regions,while theNEEdirects expression
in the ventral midline.
Embryos homozygous for a single insertion of the P
element were hybridized with an RNP FISH probe di-
rected against the lacZ coding sequence. The analysis
of individual nuclei permits the visualization of nascent
lacZ transcripts at the site of P element insertion (Figure
4B). These particular nuclei were derived from the head
region where lacZ expression is under the control of the
H1 enhancer. Similar results were obtained for nuclei in
the ventral midline where the NEE is active (data not
shown). The lacZ alleles are separated by an average
of 1.3 m (Figure 4E).
The H1-lacZ-NEE fusion gene was modified by in-
serting the 10 kb TMR sequence between the NEE and
3 end of lacZ (summarized in Figure 4C). As before,
homozygous embryos were hybridized with an RNA
FISH probe that detects lacZ nascent transcripts. Indi-
vidual nuclei display tight pairing of the two alleles (Fig-
ure 4D). They now map an average of only 0.8 m apart,
significantly closer than the distance separating the
same P element lacking the TMR (Figure 4E). The pairing
of lacZ obtained with the TMR is similar to the distance
separating Abd-B alleles (Figure 1I), which suggests
that the TMR promotes trans-homolog interactions
through the tight pairing of aligned chromosomes in
interphase nuclei.
Discussion
Figure 3. Visualization of Transvection
(A) The P5 chromosome contains two tandem copies of the Bithorax Transcription of 3 Abd-B regulatory DNAs provided an
complex (top diagram). P5/P5 homozygous embryos were hybrid-
opportunity to use simple RNA FISH assays to visualizeized with a mixture of the IAB5 (green) and BPP (Abd-B promoter
enhancer-promoter interactions. We unexpectedly ob-region, red) probes. High magnification views are shown for two
nuclei from the A8 region of an elongated embryo. The nucleus on served a high frequency of potential trans-homolog
the left contains four prominent BPP signals (red), and at least three interactions, whereby enhancers on one chromosome
IAB5 signals (green). It is possible that one of the IAB5 enhancers interact with the Abd-B transcription unit on the other
is inactive on the lower homolog. The nucleus on the right shows homolog (e.g., Figure 2E). The analysis of S10/P5 hetero-
four signals for Bpp. One of the BPP signals on the lower homolog
zygotes provides evidence that these interactions repre-displays the “dumbbell” structure that is sometimes observed.
sent the direct visualization of transvection (see below).(B) The S10 chromosome contains a large deletion within the BX-C
that removes nearly the entire Abd-B 3 regulatory region (top dia- Nascent transcripts at IAB5 and the Abd-B promoter
gram). S10/P5 heterozygotes were hybridized with a mixture of the
BPP and IAB5 RNA FISH probes, and two nuclei from the A8 region
of an elongated embryo are shown. The one on the right contains
from the A8 region of the germ band (white rectangle) were analyzedunpaired S10 (upper right) and P5 (lower left) chromosomes but are
closely linked in the one on the left. for the frequency of S10-P5 interactions. The frequencies of the
three major classes of staining patterns are shown below.(C) Elongated S10/P5 embryo hybridized with the BPP probe. Nuclei
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appear to produce separate signals rather than being
fully merged, as might be expected for a direct physical
interaction (e.g., Figure 2D). However, image analysis
was done with software that compartmentalizes distinct
colors after merging the different fluorescent channels
(see Experimental Procedures). An imaging program
that merges overlapping colors identifies extensive
overlap between the hybridization signals at IAB5 and
the Abd-B promoter region (Supplemental Figure S2),
although the signals do not completely coincide. Per-
haps IAB5 loops to one of the more distal promoters in
theAbd-B 5 flanking sequence, or IAB5 is dragged near
the proximalAbd-B promoter by neighboring enhancers
in the iab-6 domain (see diagram, Figure 2B). It has been
estimated that the contour length of chromosomal DNA
within the 30 nm fiber is roughly 4 nucleosomes per 10
nm (Ostashevsky, 2002). If so, then the confocal micro-
scope should resolve linear distances of 10–20 kb,
consistent with the recent demonstration of discrete
sequential signals for the nascent transcripts produced
by the neighboring Deformed, Scr, and ftz genes (Kos-
man et al., 2004). We also note that the RNA FISH
method detects nascent transcripts rather than directly
visualizing the associated chromosomal DNA template,
and it is conceivable that there is some “slippage” of
the transcripts away from their exact site of synthesis.
Finally, it is prudent to state that we really do not know
whether the association of IAB5 and Abd-B is due to
the formation of specific loop structures between the
two foci or arises from the serpentine configuration of
the chromosomal DNA, which is likely to bring noncon-
tiguous regionsof DNA into occasional physical contact.
Themost compelling finding of this study is the appar-
ent visualization of transvection, which may be common
in Drosophila embryos since a remarkable 25% of all
nuclei in the A8 region of S10/P5 heterozygotes display
close associations of Abd-B loci on the two chromo-
somes (e.g., Figure 3C). BPP (Abd-B promoter region)
nascent transcripts on the S10 chromosome must arise
from interactions with IAB5 (and other 3 enhancers)
located on P5 since there is no expression of Abd-B in
the A8 region of S10/S10 homozygotes. The S10 and
P5 chromosomes are unlinked in most nuclei, sug-
gesting that dynamic chromosomal interactions might
PCR maps the P element insertion to the predicted first intron of
CG7110 on 2L at 34B10.
(B) lacZ nascent transcripts are visualized in two nuclei from the
head region of a homozygous embryo carrying the fusion gene
shown in (A). Two nuclear dots are seen in each nucleus.
(C) Same as the fusion gene shown in (A) except that the 10 kb
TMR was inserted between the 3 NEE and lacZ reporter gene.
Inverse PCR maps the P element within the Enhancer of split com-
plex {E(Spl)}, between the m and m genes on 3R at 96F10.
(D) lacZ nascent transcripts are visualized in two nuclei from the
head region of a homozygous embryo carrying the fusion gene
shown in (C). The nuclear dots map closer than the dots seen with
the same fusion gene lacking the TMR (B).
Figure 4. The TMR Mediates Tight Pairing of the Abd-B Locus (E) lacZ nascent transcripts lacking the TMRmap 1.4m (30 nuclei
Transgenic embryos carrying different P element fusion genes were weremeasured) but are separated by just 0.8m in two independent
hybridizedwith a lacZRNAFISH probe and analyzed by confocalmi- transgenic lines containing the TMR.
croscopy. (F) Model for transvection. Because the TMR mediates tight pairing
(A) lacZwas flanked by two enhancers, the NEE (rhomboid neuroec- of the two copies of Abd-B, IAB5 often interacts with the gene in
toderm enhancer) and H1 (early hairy stripe 1 enhancer). Inverse trans as it loops to the Abd-B promoter.
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and R92a (ATTTCCCAACCGCCATTCG); and 8mir5 (TGGCAAACbe sufficient for sustained expression of Abd-B on S10.
CACTGAACGTAG) and 8mir3 (CGCAGTGAGAAGCGAAGTCT). TheSomething like 25% of all BPP nascent transcripts in
Ubx intronic probe sequence (probe B) is described in ShermoenS10/P5 heterozygotes appear to arise from transvection
and O’Farrell (1991). These products were TA cloned into pCRII-
(three-fourths of the nuclei display BPP expression on TOPO (Invitrogen) and screened for orientation by PCR. Single-
the S10 chromosome, and S10 represents approxi- stranded RNA probes were synthesized using the M13F and M13R
primers flanking both the insertion and the T7 and SP6 sites. Probesmately one-third of the total BPP products since the
labeledwith FITC-, DIG-, andBiotin-conjugatedUTPwere generatedtwo nuclear dots on P5 have roughly the same intensity
for each template. The primary detection scheme was as follows:as that seen on S10). A similar estimate was found for
DIG, sheep -Dig (Roche); Biotin, mouse -Biotin (Roche); and FITC,transvection at theUbx locus based onquantitative PCR
rabbit -FITC (Molecular Probes). The secondary detection was as
assays (Goldsborough and Kornberg, 1996). follows: donkey-sheepAlexa Fluor 555 (Molecular Probes), donkey
The simplest model for transvection is that distal en- -mouse Alexa Fluor 488 (Molecular Probes), and chicken -rabbit
Alexa Fluor 647 (Molecular Probes).hancers normally loop in cis to target promoters on the
samechromosome.However, they can also loop in trans
Microscopy and Image Analysiswhen homologs are paired (summarized in Figure 4F).
Three-dimensional stacks were acquired using a Leica TCS NT laserThe tighter the pairing, the more frequent the trans-
scanning confocal microscope. Imaging of each fluorophore wasinteractions. Measurements of nascent transcripts at
performed sequentially rather than simultaneously to avoid cross-
ten different loci suggest that there might be a correla- channel detection. Z-distances between slices were calculated as
tion between pairing and transvection (e.g., Figure 1I). approximately twice the Nyquist optimal sampling distance (400
nm). Measurements of interphase distances were performed on un-The three most tightly paired loci are Abd-B, Ubx, and
thresholded confocal stacks using the Leica LCS Lite software pack-dpp, and all three genes exhibit transvection (Gelbart,
age. To avoid overestimation of distance due to undersampling in1982; Hopmann et al., 1995; Hendrickson and Sakonju,
the z axis, measurements were taken only from nascent transcript1995; Lewis, 1998).
foci that were present in a single confocal section. Distances were
There is variable pairing of different alleles, ranging measured from peak signal intensity to peak intensity for each locus.
from 0.8 to 2.5 m. It is possible that chromosomes Nuclei determined to be mitotic by DAPI staining were eliminated
from consideration. Reconstruction of three-dimensional projec-contain a series of somatic pairing elements scattered
tions from confocal stacks was done using the Bitplane softwarealong their lengths (Hiraoka et al., 1993). A gene that
package. The signals from nascent transcripts are evident in thehappens to map near such an element might display
histogram of pixel values as a clear peak. Thresholding was usedtighter pairing than one that maps far away. The Abd-B
to remove pixels having values below this level. Gaussian filtering
TMR sequence functions as a pairing element. It con- was used to smooth the resulting images. To unambiguously deter-
tains a Polycomb Response Element (PRE), as well as mine regions of colocalization for different probe combinations,
automated threshold estimation using the method of Costes andother sequences that might contribute to its activity
Lockett and implemented in the ImarisColoc package (Bitplane AG)(Zhou et al., 1999; Zhou and Levine, 1999; Barges et al.,
was used to quantify regional overlap from confocal stacks.2000; Bantignies et al., 2003).
RNA FISH should be generally applicable for examin-
Mapping of P Element Insertioning enhancer-promoter interactions since there appears
P element insertions were mapped using inverse PCR according to
to be widespread intergenic transcription of animal ge- the BDGP protocol (http://www.fruitfly.org/about/methods/inverse.
nomes (e.g., Okazaki et al., 2002; Cawley et al., 2004). pcr.html).
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